A series of 5,10,15,20-tetraphenylporphinatozirconium(IV) acetylacetonatophenolates containing different phenols as axial ligands [Zr(TPP)(Y)(X)] (TPP = 5,10.15,20-tetraphenyl-21H, 23H-porphine; Y = acac; X = different phenolates) have been synthesized and characterized by various spectrochemical studies. The complexes were also screened for antimicrobial activities. Antifungal activity of some adducts has been carried out against the fungal strain Sclerotium rolfsii. Most of the complexes have shown good antibacterial activity.
Introduction
The present work is a continuation of our earlier work [1] where we have reported the synthesis of zirconium(IV) porphyrin complexes with salicylic acid and 5-sulfosalicylic acid which were made by replacing the two Cl − by the organic ligands and this was followed by a biological study on some of these compounds and in view of the interesting results obtained from such axially substituted zirconium(IV) porphyrin it is considered worthwhile to make a study of axially substituted zirconium(IV) porphyrin with phenol and its derivatives. The ability of numerous chemical modifications and the large number of different mechanisms by which porphyrins affect microbial and viral pathogens place porphyrins into a group of compounds with an outstanding potential for discovery of novel agents, procedures, and materials active against pathogenic microorganisms [2] . A variety of biological activities exhibited by porphyrins are due to the fact that natural and synthetic porphyrins have relatively low toxicity in vitro and in vivo and they possess antitumor [3, 4] and antioxidant effects [4, 5] and have a good potential for metal ions complexation. Metalloporphyrins are the basis of new antifungal, antiparasitic, and anticancer drugs because modification of the porphyrin periphery confers qualitatively a new spectrum of activities to metalloporphyrins [6] [7] [8] . Zirconium(IV) porphyrins have gained attention from global researchers due to the peculiar characteristics of this class of compounds. The peculiarity of these complexes lies in the fact that metal ion in the complexes, that is, Zr 4+ , has large ionic radius (72 pm for most Zr(IV) 6-coordinate complexes), which fits partly into the core of porphyrin ligand and hence shows "out of plane" geometry with additional ligands always in cis position relative to the porphyrin plane [9] . The metal ion in these complexes is oxophilic [10] and thus may show preference for carboxylate and other oxygen-bearing anionic ligands. A lot of work is reported on the complexes of zirconium(IV) phthalocyanines [11] [12] [13] but comparatively less work has been done on zirconium(IV) porphyrin complexes with phenol as axial ligand [14, 15] . With this background in mind we reported herein the synthesis, spectroscopic characterization, and biological studies of a series of new axially substituted zirconium(IV) porphyrin with phenol and its derivatives as axial ligands.
Experiment

Materials and Instruments.
All the chemicals were of analytical grade and used as received unless otherwise noted.
Bioinorganic Chemistry and Applications
Pyrrole was distilled over potassium hydroxide pellets under vacuum prior to use. All the organic solvents that were used for the synthesis and for chromatographic separations were dried before use. UV-vis spectra were recorded on a T90+ UV/VIS spectrophotometer in the range of 350-700 nm. The oscillator strength ( ) of the transitions in absorption spectra was calculated from the expression = 4.33 × 10
where is the molar absorption coefficient in dm 3 mol −1 cm
and Δ] 1/2 is the full width at half maximum in cm −1 . Infrared spectra were recorded on a PerkinElmer spectrum 400 FTIR spectrophotometer using KBr pellets in the range of 4000-400 cm −1 . The elemental analysis was performed on Elemental Analyser CHNS-932, LECO, USA, at a temperature of about 1000 ∘ C using helium as carrier gas and oxygen for combustion. The ESI mass spectroscopy was recorded at room temperature and methanol was used as solvent. The 1 H NMR spectra were recorded on a Bruker Avance II 500 (500 MHz) using tetramethylsilane as internal standard and CDCl 3 as solvent. Fluorescence measurements were performed on Synergy MX BIOTEK multimode reader. The solution of porphyrins prepared in DMSO was 10 −6 M.
Biological Studies
Antibacterial Studies.
Qualitative analysis for screening of antibacterial activity was carried out by agar-well diffusion method [16] with modifications. By measuring the inhibition zone in mm, the test compounds were taken at a concentration of 0.1 M using dimethyl sulfoxide (DMSO) as solvent. Chloramphenicol was used as positive control for antibacterial activity. The compound was tested against four gram positive bacteria (Bacillus subtilis, Bacillus cereus, Staphylococcus aureus, and Enterococcus faecalis) and four gram negative bacteria (Klebsiella pneumonia, Alcaligenes denitrificans, Campylobacter, and Micrococcus luteus). 20 mL of sterilized nutrient agar was inoculated with 100 L of bacterial suspension (10 8 CFU/mL) and then poured on to sterilized Petri plate. The agar plate was left to solidify at room temperature. A well of 4 mm was aseptically bored into the agar plate. Then, 20 L of the complexes (diluted with DMSO) was added in each well. The plates were kept at 4 ∘ C for 2 hours to allow the dispersal and then incubated at 37 ∘ C for 24 hour.
Antifungal Study.
The antifungal activity of some adducts was tested against the pathogenic fungus Sclerotium rolfsii by poisoned food technique using potato dextrose agar (PDA) nutrient as the medium [17] . The linear growth of the fungus in controlled manner was recorded at different concentration of the adducts. The growth inhibition of Sclerotium rolfsii over control was calculated ( Table 7) . The growth inhibition of fungus over control was calculated as
where is percent inhibition, is mean growth of fungus (in mm) in control, and is mean growth of fungus (in mm) in treatment. 
Synthesis of Axially
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Results and Discussion
Synthesis and Characterization.
The general synthetic route to axially ligated zirconium(IV) porphyrins is shown in Scheme 1. All of these new zirconium(IV) porphyrins were purified by column chromatography with aluminum oxide as adsorbent and were characterized by spectral data (UVvisible spectroscopy, IR spectroscopy, 1 H NMR spectroscopy, mass spectral data, and elemental analysis). The characterization data of the new compounds are consistent with the assigned formula. All the synthesized complexes are water insoluble.
Spectral Analysis of Zr(TPP)(Y)(X).
The spectral data of the synthesized complexes (Table 1) revealed that the axially ligated Zr(IV) metal derivatives of porphyrin with different phenolates as an axial ligand showed hypsochromic shift (blue shift) and variation in intensities of absorption bands when compared to their respective free base porphyrin, due to incorporation of the metal ion along with phenolate in the porphyrin rings [1, 19] . The complexes with electron donating groups in phenolates have slightly red shifted -andbands while those having electron withdrawing groups in phenolates have blue shifted and bands. When the optical absorption spectra of the compounds of Zr(TPP)(Y)(X) were recorded in different solvents ( Figure 1 ) only a marginal change in max values, absorption coefficient ( ), and oscillator strength ( ) values was observed. Data revealed that a change in polarity of the solvent results in slight change in the position of transitions but there was a significant increase in ] 1/2 and " " values of transitions by increasing the polarity of the solvent ( Table 2 ). The magnitude of change in " " value in axially ligated Zr(IV) metal derivatives of porphyrin revealed the relative strength of - * interactions. It was also found that, with the increase in polarity of the solvents, andbands in axially ligated Zr(IV) metal derivatives showed red shift with progressive broadening of bands indicating that the magnitude of red shift of and bands depends on the nature of the solvent used.
By comparing the infrared spectral data of H 2 TPP and its corresponding axially ligated Zr(TPP)(Y)(X) ( Table 3) it is found that the band at 3447 cm −1 in H 2 TPP assigned to ](N-H) (pyrrole) stretching vibration was disappeared in metallated complexes and the characteristic ](Zr-N) vibration frequency found at ∼500-430 cm −1 , which indicated the formation of zirconium(IV) porphyrin compounds [20, 21] . In the spectra of all the axially ligated zirconium(IV) porphyrin complexes the incorporation of various phenolates in Zr(IV) metal derivatives of porphyrin, that is, Zr(TPP)(Y)(X), was confirmed by the appearance of Zr-O vibrational frequencies in the range of 649-680 cm −1 indicating the coordination of phenolic oxygen to the metal via deprotonation (Figure 2) . Also, the incorporation of acetylacetonate (acac) in axially ligated Zr(IV) derivatives was confirmed by the appearance of C=O vibrational frequencies in the range of 1622-1641 cm −1 and Zr-O in the range of 702-819 cm −1 corresponding to the ligation of zirconium to oxygen of phenolic and carboxylic groups, respectively [22, 23] . Thus, the zirconium atom in the centre of porphyrin ring coordinates with the acetylacetonate and phenol group axially to form seven-coordinate complex of Zr(IV) porphyrin.
From the 1 H NMR data of axially ligated zirconium(IV) porphyrin complexes in CDCl 3 at 298 K (Table 4) , it is found that the N-H protons of H 2 TPP appear at −2.77 ppm. In all the zirconium(IV) porphyrins there were absence of signal related to N-H protons and shift in other signals indicating the insertion of zirconium in porphyrin macrocycle [21] . Generally, the presence of Zr(IV) metal in the porphyrin ring shifts the resonances of the porphyrin's protons to downfield accompanied by marginal changes in the pattern. One of the important features of axially ligated Zr(IV) derivatives of porphyrins is that the metal is almost out of the plane of the porphyrin ring responsible for the production of asymmetric environment above and below the plane of the macrocycle which ultimately account for the pronounced no-equivalence of the orthoprotons of the phenyl rings. The signals of axial phenol and acetylacetonate fragment protons are shifted to higher field in comparison to the signals of porphyrin protons and also in comparison to proton signals of free phenol and acetylacetonate, respectively. These positions of protons show that axial ligand is under the influence of -conjugated system of porphyrin macrocycle [24] . The 1 H NMR data of various axially ligated Zr(IV) compounds of H 2 TPP revealed that the presence of electron withdrawing groups like -NO 2 , -Cl at paraposition of phenolate caused slight downfield shift (deshielding) and the presence of electron releasing group like −CH 3 , −NH 2 at paraposition of phenolate caused upfield shift (shielding) of protons with respect to Zr(TPP)(acac)(Oph) which have unsubstituted phenolate as an axial ligand. This is most probably due to deshielding effect resulting from the -donation of electron density upon bond formation as compared to the shielding effect of the porphyrin.
In the present investigation, the variation of emission properties in free base porphyrin H 2 TPP and some of its corresponding axially ligated Zr(IV) porphyrins has been studied ( Table 5 ). The free base porphyrin exhibits two emission bands at 653 nm and 715 nm corresponding to (0,0) and (0,1) transitions, respectively, the intensity of the (0,0) being higher than the (0,1) transition. The axially ligated zirconium(IV) porphyrin complexes are emissive and show intraligand fluorescence comparable to other regular metalloporphyrins (Table 5) . However, the emission bands of axially ligated Zr(IV) porphyrins are blue shifted compared to free base porphyrin ( Figure 3 ). This behavior is attributed to an enhanced spin-orbit coupling induced by the presence of the heavy-atom central metals in zirconium(IV) porphyrins complexes, which leads to a more efficient intersystem crossing from the lowest porphyrin singlet excited state 1 S 1 ( , * ) to the corresponding triplet manifold and thus reduces the probability of fluorescent emission [25] . Thus, the excitation spectrum of fluorescence is in agreement with absorption spectrum.
Mass spectrometric characterization of Zr(TPP)(Y)(X) complexes employed ESI as soft ionization technique. The mass spectra of axial ligated zirconium(IV) porphyrins are characterized by the presence of the molecular ion peak for monomeric form followed by a degree of fragmentation when employing this technique, which suggested that axial ligand was labile (Figure 4 ).
Biological Studies.
Antibacterial activity of all the synthesized zirconium(IV) porphyrin complexes was tested against eight bacterial strains, namely, K. pneumonia, S. (Table 6) . Our results demonstrated antibacterial activity against most of the zirconium(IV) porphyrin complexes and by comparing these complexes with H 2 TPP we noted that introducing zirconium and axial ligand in H 2 TPP increased antibacterial activity. Among all the complexes studied, Zr(TPP)(acac)(p-NO 2 phO) was found to be highly potential against all the eight bacterial strains with sensitivity ranging from 1 to 2.5 mm zone of inhibition and even more than positive control in some cases (Table 6 ). Zr(TPP)(acac)( -naphtholate) was the only other complex after Zr(TPP)(acac)(p-NO 2 phO) complex that showed antibacterial sensitivity against all the bacterial strains with zone of inhibition ranging from 1 to 1.75 mm. On comparison of the antibacterial activities of synthesized complexes, we noted that for most of the bacterial strains complexes having axial ligand with electron withdrawing group have increased antibacterial activity compared to complexes having ligand with electron donating group and also compared to complex having no substituent on axial ligand, Zr(TPP)(acac)(phO).
aureus, E. faecalis, A. denitrificans, B. cereus, M. luteus, B. subtilis, and Campylobacter
Antifungal Activity.
The antifungal activity of all the synthesized zirconium porphyrin complexes was tested at different concentrations against the pathogenic fungus Sclerotium rolfsii. From the results found, it has been concluded that, by increasing the concentration of the complexes ZrTPP(Y)(X), the colony diameter of the fungus decreases and hence percent inhibition increases. On doubling the concentration of the complexes, the percent inhibition also doubles, which shows linear relationship between concentration and percent inhibition. The increase in antimicrobial activity is due to faster diffusion of metal complexes as a whole through the cell membrane or due to combined activity effect of the metal and the ligand [26, 27] . It is concluded that most of the synthesized compounds showed overall good activity. However, some complexes, namely, Zr(TPP)(acac)(phO), Zr(TPP)(acac)(o,pCl 2 phO), and Zr(TPP)(acac)(o,p-(NO 2 ) 2 phO), showed negligible results at given concentrations and the data for only those complexes has been provided which showed significant results ( Table 7) . It is interesting to note that most of the synthesized axially ligated complexes were found to be more active (IC 50 = ∼26-196 g/mL) than the corresponding free base ligand (IC 50 = 212.24 g/mL) with Zr(TPP)(acac)(p-CH 3 phO) appearing to be the most potent. The selectivity might be resulting from the well-established structural differences between fungal and bacterial cells, although the exact reasons remain as yet unclear [28] .
Conclusion
A detailed analysis of ultraviolet-visible (UV-vis), proton nuclear magnetic resonance ( 1 H NMR) spectroscopy, infrared (IR) spectroscopy, fluorescence and mass spectroscopic studies, and elemental analysis suggested the transformation from free base porphyrins to zirconium(IV) porphyrins. The spectroscopic data revealed the ligation of acetylacetonate and different phenolates at axial position on Zr(IV) metal atom in [Zr(TPP)(acac)(X)]. Therefore the coordination number of central metal ions is seven and the zirconium is expected to be above the porphyrin plane. Among all the complexes prepared [Zr(TPP)(acac)(p-NO 2 phO)] was found to be highly potential against all the eight bacterial strains and even more than positive control in some cases. Also, antifungal activity of the synthesized complexes shows that these complexes have potential against fungal growth.
